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The production of the heaviest elements in fusion-evaporation reactions is substantially limited by very
low cross sections, as fusion cross sections (including fusion-fission) are greatly reduced by the competing
quasifission mechanism. Using the Australian National University Heavy Ion Accelerator Facility and CUBE
detector array, fission fragments from the 48Ti + 204,208Pb and 50Ti + 206,208Pb reactions have been measured, with
the aim to investigate how the competition between quasifission and fusion-fission evolves with small changes in
entrance-channel properties associated mainly with the nuclear structure. Analysis of mass-distribution widths of
strongly mass-angle-correlated fission fragments within the framework of the compound-nucleus fission theory
demonstrates significant differences in quasifission (and therefore fusion) probabilities among the four reactions.
The impact of nuclear structure on fusion highlights the importance of future radioactive beams.
DOI: 10.1103/PhysRevC.97.064618
I. INTRODUCTION
The fusion of two nuclei is a process relevant for the
production of many chemical elements. Moreover, the fusion
of heavy (Z  16) projectiles and massive (Z = 82–98) target
nuclei followed by the evaporation of neutrons has been used
to synthesize the superheavy elements (SHEs) up to Z =
118 [1–3]. The probability of the fusion-evaporation process
proceeding through the formation of a compound nucleus (CN)
with full equilibration in all degrees of freedom at an excitation
energy E∗ can be expressed as PfuWCN, where Pfu is the
fusion probability andWCN is the survival probability of the CN
through particle evaporation against fission. The fusion can be
strongly hindered by the competing quasifission (QF) process,
where the two touching nuclei re-separate before reaching
equilibrium [4–6]. Generally, QF occurs with shorter sticking
times of the two reactant nuclei when compared with reaction
timescales for fusion [4–8]. Thus, the properties of fragments
from QF are more influenced by dynamical effects associated
with the entrance channel (e.g., mass-angle correlation and
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broad mass distribution) compared with those from fusion-
fission (FF), which are well describable by statistical theories,
e.g., through the rotating liquid drop model (RLDM [9]).
However, separation, or even quantitative estimates of the
contributions from QF and FF are usually limited due to overlap
of the experimental observables [4–8,10–18].
Reliable predictions of Pf u, which are essential for the
successful execution of SHE experiments involving new
projectile-target combinations, remain problematic because
the QF process is still poorly understood. Consequently, the
selection of an appropriate projectile-target combination is one
of the important challenges for SHE synthesis.
Fusion hindrance by QF can be studied in reactions leading
to formation of the same CN, whose influence can be neglected
based on Bohr’s independence hypothesis of CN decay [19].
However, reactions with significantly different entrance chan-
nels are often used to contrast the fission properties from FF
and QF [5,12,14,20,21]. Therefore, the effect of a particular
variable on fusion hindrance can often not be isolated. To date,
the presence of QF is mainly ascribed to two variables: the
product of the projectile and target charge numbers, ZpZt , and
the deformation of the target nuclei.
For a long time, ZpZt = 1600 was accepted as a lower
limit for reactions that have predominantly QF outcomes
[22]. Recently, however, evidence for the presence of QF
in reactions with a much smaller ZpZt has been uncovered
[20,21,23,24]. In this regard, recent experiments on the 34S +
208Pb and 36S + 206Pb reactions (which form the same CN
242Cf∗, share the same ZpZt , have no static deformation, and
are thus expected to have similar PfuWCN) have highlighted
the effect of nuclear structure on fusion. Fusion-evaporation
cross sections of the 36S + 206Pb reaction have been found to
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be ≈10–102 times greater than those of 34S + 208Pb over a wide
range of CN excitation energies [23,25]. Based on a series of
experimental studies on evaporation-residue and fission cross
sections [23,25–27], a higher QF contribution for 34S + 208Pb
has been proposed to conserve Bohr’s hypothesis [19] thatWCN
is the same for both reactions.
No evidence for an increased presence of QF in 34S + 208Pb
has been observed in experimental mass-angle distributions
(MADs) of fission fragments [23,26,27]. It has been suggested,
therefore, that collisions in the S + Pb reactions that result
in QF have long sticking times (slow QF), causing a strong
overlap between QF and FF observables and rendering any QF
dominance in the 34S + 208Pb reaction impossible to detect
[23,26,27]. Thus, experimental signatures of differing fusion
probabilities in very similar reactions forming the same CN,
which would uniquely resolve these issues, have been urgently
sought.
In this work, we search for experimental evidence for
differences in QF and FF probabilities between the 48Ti +
208Pb and 50Ti + 206Pb reactions, leading to the same CN,
256Rf∗. These reactions have a higher ZpZt = 1804 than that
of S + Pb (ZpZt = 1312), resulting in shorter sticking times
and consequently a greater contrast between observables of QF
and FF.
II. EXPERIMENTAL SETUP
The experiment was carried out at the Heavy Ion Accel-
erator Facility at the Australian National University (ANU),
Canberra. Beams of 48Ti and 50Ti ions were accelerated to
energies of 240.0, 245.0, 252.2, 259.0, 270.0, and 280.0
MeV and 236.0, 240.0, 252.0, 258.0 264.0, 270.0, and
280.2 MeV, respectively, by the 14UD electrostatic and
the superconducting linear booster accelerators. The beams
were delivered in pulses with full widths at half maxi-
mum of ≈1 ns, separated by 107 ns. The 48Ti + 204Pb
and 50Ti + 208Pb reactions were also studied because these
are expected to have the lowest and highest cross sections
for producing Rf using Ti + Pb, respectively [1,25,28–31].
Some properties of these reactions are listed in Table I.
Lead-sulfide targets with ≈100–180 μg/cm2 thicknesses (of
Pb) were used. To minimize any effect of target-thickness
inhomogeneities on the measured kinematic quantities of
TABLE I. Summary of reaction properties. Reaction Q values
(in MeV, taken from Ref. [33], except the 252Rf mass, which was
taken from Ref. [34]), interaction barrier in MeV (VB , according
to Ref. [35]), entrance-channel mass asymmetries [α = (At − Ap)/
(Ap + At )], projectile isospin [Tz = (N − Z)/2] and the number of
nuclear magic numbers in the reactants (Nm) are given.
Reaction CN Q VB α Tz Nm
48Ti + 204Pb 252Rf∗ −165.9 196.2 0.619 2 1
48Ti + 208Pb 256Rf∗ −164.5 195.4 0.625 2 2
50Ti + 206Pb 256Rf∗ −169.4 194.6 0.609 3 2
50Ti + 208Pb 258Rf∗ −169.5 194.2 0.612 3 3
52Ti + 208Pb 260Rf∗ −170.4 193.0 0.600 4 2
fission fragments, targets with carbon foils made using two
different release agents (betaine and KCl) were produced at
GSI, Darmstadt, Germany and tested at ANU [32]. Betaine-
carbon foils, typically used for making large-area targets at
GSI, yielded a broad energy distribution of elastically scattered
Ti ions, while the targets made by using KCl demonstrated
much sharper peaks indicating a more uniform thickness [32].
However, a detailed comparison of resultant fission-fragment
characteristics measured using the two types of target revealed
no significant differences. In the present work the KCl-carbon
lead targets were used.
The CUBE detector setup, consisting of two position-
sensitive multiwire proportional counters (MWPCs) with di-
mensions of 28 × 36 cm2, has recently been expanded by
a third, 13 × 36 cm2 detector. This significantly widens the
measurable range of fission-fragment scattering angles. At
backward angles, one large and the small MWPC were po-
sitioned to face the target perpendicularly such that the center
of the large and the edge of the small detector were located
195 and 180 mm from the target at 90◦ and 135◦, respectively.
The second large MWPC was centered at a 45◦ forward angle,
180 mm from the target center and separated from the two
backward detectors by an azimuthal angle of 180◦. Data acqui-
sition was triggered by events measured by the forward-angle
detector in coincidence with either of the two backward-angle
MWPCs. Fission-fragment velocities, scattering angles in the
center of mass (θc.m.), and mass ratios MR = m1/(m1 + m2),
where m1 and m2 are the two fragment masses at scission, were
reconstructed by using position and time-of-flight information
gathered by the MWPCs [36]. Detailed descriptions of the
CUBE in a two-MWPC configuration and data analysis, found
in Refs. [6,37,38], can be extended to apply to the three-MWPC
system used here. Elastically scattered events were recorded by
two silicon surface-barrier detectors mounted at angles of±30◦
on opposite sides of the beam axis to monitor and normalize
beam-target interaction.
III. EXPERIMENTAL RESULTS
A. Mass ratio and angle distributions
The experimental distributions of fragment mass ratios and
scattering angles in the center of mass of the four reactions
can be seen in Fig. 1, measured slightly above, around, and
below VB [35]. The MAD matrices are populated by the
double-differential cross section d2σ/(dθc.m.dMR). Contribu-
tions from scattered projectile and target nuclei are predomi-
nantly responsible for the high-intensity regions at MR ≈ 0.2
and 0.8, whereas events in the central region originate from
fission. The MADs demonstrate a correlation between mass
and angle, i.e., slices at particular θc.m. yield different MR
centroids. This becomes weaker with decreasing values of
Ec.m./VB .
Despite the general similarity of the MADs shown in Fig. 1,
some differences between different reactions are noticeable.
For instance, almost no mass-angle correlation is apparent in
either of the 50Ti-induced reactions at below-barrier energies
(corresponding to the lowest E∗), leading us to conclude
that these fragments may originate from FF, with a possible
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FIG. 1. Measured distributions of mass ratios (MR) and scattering angles in the center of mass (θc.m.) for the reactions 50Ti + 206,208Pb and
48Ti + 204,208Pb. The distributions are labeled by the center-of-mass energy (Ec.m., MeV), its ratio to interaction barrier (Ec.m./VB ), and the
excitation energy (E∗ = Ec.m. − Q, MeV). The color palettes were chosen to highlight the region of fission fragments and its numerical levels
corresponding to values of double differential cross sections are the same for plots shown by the horizontal axis and are given. Regions marked
by dashed lines indicate an appearance of presumably-deep-inelastic reaction products.
contribution from slow QF. In contrast, in both of the 48Ti
reactions, relatively broad mass-angle correlations are present
at all energies. Closer inspection of these broad MADs reveals,
at energies close to or below VB , the presence of events close
to those corresponding to projectile- and target-like fragments.
These events, marked by dashed lines in Fig. 1, were interpreted
to originate from deep-inelastic reactions [4,6,7] that proceed
on a timescale even shorter than that of QF. Such events are
either absent or significantly reduced in the MADs of 50Ti
reactions. This may indicate that a change of 50Ti to 48Ti
leads to a shortening of interaction times between the colliding
nuclei, thus affecting the average sticking time.
B. Mass-ratio distributions
The mass-ratio distributions of events measured within
the range 21◦ < θc.m. < 159◦ are shown in Fig. 2. In the
MR distributions, the fission fragments join smoothly with
scattered events and thus do not exhibit a shape describable
by a single Gaussian, except the low-E∗ cases. Nevertheless,
distributions exhibit peak-like structures in the region MR ≈
0.35–0.65. Therefore, one can use the root-mean-square (rms)
deviation from MR = 0.5, σMR, to quantify the MR distribution
of fission fragments [27]. The narrow MR distributions evident
in the 50Ti + 208Pb reaction at Ec.m./VB  1 are consistent
with the reduced mass-angle correlation and, correspondingly,
the smallest QF contribution, i.e., highest fusion, of the
reactions measured here. This is supported by the known
fact that the fusion-evaporation products of the 50Ti + 208Pb
reaction are observed only at Ec.m./VB  1 with the highest
cross-section values among Ti + Pb [1,28–30]. Likewise, we
conclude that the 48Ti + 204Pb reaction has the largest QF
probability. In between these cases lie the 48Ti + 208Pb and
50Ti + 206Pb reactions, which have similar widths. The known
fusion-evaporation cross sections of the latter reaction are
≈10–40 times greater than the former in the range of Ec.m. =
180–190 MeV [28–30]. However, these data were measured at
energies below VB , where capture cross sections are strongly
affected by the reaction Q value [23] and so cannot directly be
used in attributing a higher fusion probability to 50Ti + 206Pb.
We note that, at the highest E∗, the MR distributions of all
reactions have similar shapes with larger σMR, indicating a
loss of sensitivity to structure effects with increasing Ec.m..
C. Discussion
Although the mass-ratio spectra look similar for the 48Ti +
208Pb and 50Ti + 206Pb reactions for a wide range of E∗, the
mean square angular momenta (〈J 2〉) are different. Therefore,
to make a qualitative comparison, a baseline dependence of
mass-ratio widths on E∗ and 〈J 2〉 would be valuable. Effects
of angular momenta on the mass-distribution widths are well
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FIG. 2. Mass-ratio distributions of fragments within the range
θc.m. = 21◦–159◦. 50Ti- and 48Ti-induced reactions are marked by
lined and shaded-lined histograms, respectively. Differential cross
sections (dσ/dMR) are normalized by total cross sections integrated
over MR = 0.35–0.65 (marked by dashed lines) where fission is dom-
inant. Excitation energies of the corresponding CN in MeV, Ec.m./VB
and root-mean-square deviations (σMR) within MR = 0.35–0.65 are
given.
known [21,27,39–41] and were recently discussed for S + Pb
reactions where no fast QF is present, i.e., the MAD shows no
mass-angle correlation [27]. Mean square angular momenta
〈J 2〉 of 34S + 208Pb and 36S + 206Pb reactions are shown
Fig. 3(a). The experimental widths σMR(expt) (rms deviation)
of these reactions measured in the range of MR = 0.25–0.75
are also shown in Fig. 3(b). The angular momentum J was cal-
culated for each reaction by using the coupled-channels code
CCFULL [42], taking into account the appropriate couplings
of low-lying excited states [43,44] and deformations [34].
Nuclear potential parameters of V0 = 200 MeV, R0 = 1.1 fm,
and a0 = 0.75 fm were used.
As expected, at the sameE∗ of the CN, the angular momenta
of the two reactions are different, which could cause the
observed deviations in their σMR(expt) [cf. f. 3(a) and 3(b)].
The σ 2MR(expt) values for 34S + 208Pb at E∗ > 38 MeV can be
fit with the well-established semi-empirical expression for the
width
σ 2MR = CT T + CJ 〈J 2〉, (1)
where the coefficients CT = 4.54 × 10−3 MeV−1 and CJ =
1.91 × 10−6h¯−2 were extracted in Ref. [27]. The result of the fit
is shown in Fig. 3(b). In Eq. (1), T is the temperature obtained
from the CN E∗. Temperatures were calculated at saddle points
by using the relation
T = [(E∗ − Bf (J ) − Erot(J ) − (νpre10 MeV)/a]1/2, (2)
where Bf and Erot are the fission barrier and the rotational
energy of the excited CN with angular momentum J , respec-
tively. The number of prefission neutrons, νpre, was estimated
by using the empirical expression given in Ref. [13], and values
of Bf and Erot were taken from RLDM calculations [45]. A
level-density parameter a of ACN/10 MeV−1 was used.
Note that σMR(expt) values at E∗ < 38 MeV were not used
for the fit because their corresponding MR distributions have
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FIG. 3. (a) Calculated mean-squared angular momenta (〈J 2〉, lines) and (b) experimental (symbols) and calculated (lines) widths for S + Pb
reactions. These data for S + Pb were taken from Ref. [27]. (c) Calculated mean-squared angular momenta (〈J 2〉) and (d) calculated widths for
Ti + Pb reactions. Legends of symbols and lines are given in panels (a)–(d). Experimental and simulated MR distributions of (e) the 34S + 208Pb
reaction at E∗ = 52.2 and (f) the 50Ti + 208Pb reaction at E∗ = 55.1 MeV. The experimental σMR(expt) within the appropriate range of MR
(shaded region) and the calculated widths σMR(calc) within the MR = 0.25–0.75 are given in both panels (e) and (f). rms-deviation of the
simulated MR distribution within the MR = 0.35–0.65 (shaded region) is given in panel (f). See text for detail.
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flat-topped shapes caused by contributions of the multichance
fission processes [27].
Expected widths σMR(calc) for the 36S + 206Pb reaction
were estimated by Eq. (1) using the coefficients given above,
and the results are given in Fig. 3(b). 〈J 2〉 and T were taken
from the results of the CCFULL and Eq. (2), respectively.
As one can see in Fig. 3(b), σMR(expt) values of the
36S + 206Pb reaction are in line with predictions, where 〈J 2〉
differences of the two reactions were taken into account
appropriately in Eq. (1). Accordingly, we suggest a novel
viewpoint that the widths of the mass-ratio distributions of
the 50Ti + 206Pb reaction should be larger than those for the
48Ti + 208Pb reaction at the same E∗ as, according to the
CCFULL calculations shown in Fig. 3(c), 〈J 2〉 is larger in
50Ti + 206Pb—if the fast QF dynamics (∼probabilities) are
the same! The expected widths for all four Ti + Pb reactions
calculated in a similar way to the 36S + 206Pb reaction are
shown in Fig. 3 d). However, these σMR(calc) values cannot
directly be compared with the present experimental data be-
cause of the narrower MR = 0.35–0.65 range for the selection
of fission-like fragments.
Therefore, to account for any effect on the widths due
to the selected MR range, simulated Gaussian distributions
with widths from Eq. (1) were randomly generated. The
experimental and simulated mass-ratio distributions of fission-
like events for 36S + 208Pb and 50Ti + 208Pb reactions are
shown in Figs. 3(e) and 3(f), respectively, to demonstrate
the effect of the selected MR range for the rms deviation.
The rms deviations within the range MR = 0.35–0.65 from
the simulated distributions [shown in Fig. 3(f) as an example]
were then taken as the final values for the predicted widths for
the Ti + Pb reactions. These results are shown in Fig. 4(a) as
a function of E∗.
The measured mass-ratio widths σMR(expt) for all four
Ti + Pb reactions are shown in Fig. 4 b). They are all larger
than those calculated, indicating in general that the reaction
timescale is faster for Ti + Pb than for S + Pb, in agreement
with the mass-angle correlations measured here for the former,
but not for the latter [27].
To compare quantitatively the measured mass-ratio widths
for the Ti + Pb reactions, Fig. 4(c) shows the ratio of the exper-
imental to calculated mass-ratio widths σMR(expt)/σMR(calc).
This shows a systematic trend from 50Ti + 208Pb (smallest
ratio) to 48Ti + 204Pb (largest ratio) reactions wherein the
smallest and highest contributions of QF, respectively, are
attributed. Significantly, the 50Ti + 206Pb reaction lies below
48Ti + 208Pb. Taking into account the available information
regarding fusion-evaporation cross sections for Ti + Pb re-
actions, we therefore conclude that, despite their many sim-
ilarities (cf. Table I), the contribution from QF is higher
for 48Ti + 208Pb than for 50Ti + 206Pb. This is distinct ex-
perimental evidence that different QF probabilities can be
seen in reactions leading to the same CN and having the
same ZpZt . Likewise, it confirms the earlier conclusions on
the presence of slow QF in the S + Pb reactions made in
Refs. [23,26,27].
The entrance channels of reactions studied here are different
only due to the structure of the reactants (see Table I). Their
structures are reflected in small changes in VB and mass
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FIG. 4. (a) Calculated and (b) measured rms widths [σMR(calc)
and σMR(expt)] of the mass-ratio spectra between MR = 0.35 and
0.65. (c) The ratio of calculated and experimental rms widths,
σMR(expt)/σMR(calc). Legends of symbols and selected MR range
and θc.m. for rms widths are given.
asymmetry α, and different Tz and Nm values, which are
responsible for fusion hindrance.
In all reactions, the fusion hindrance (QF) is increasing with
an increase of VB , which determines the level of Coulomb
repulsion at initial touching configurations. Therefore, one can
conclude that the Coulomb force, which is typically quantified
as ZpZt , is still the predominant factor for hindering fusion.
At the touching configuration, the other variables associated
with the nuclear structure of reactants (e.g., Tz and Nm) may
also play important roles.
An increase of QF when a given projectile (with the sameTz)
is paired with a lighter-mass target is observed. This is evident
in Fig. 4(c), where σMR(expt)/σMR(calc) is larger for 50Ti +
206Pb than for 50Ti + 208Pb. Similarly, for the 48Ti reactions,
deviations of widths measured using 204Pb are greater than
those involving 208Pb. Therefore, in reactions with the same
Tz, more mass-asymmetric reactants could be favorable for
fusion.
Note that Nm could have a stronger impact on the QF
than α. A higher level of QF in 48Ti + 204Pb (Nm = 1) than
in 50Ti + 208Pb (Nm = 3) supports the supposition made in
Refs. [46,47] that an increased Nm enhances Pfu. However,
our results demonstrate that two reactions, leading to the same
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CN with the same Nm = 2, exhibit differing QF contributions.
This may lead to the conclusion that the presence of Nm in
both the projectile and target nuclei (e.g., 50Ti + 206Pb) can
strengthen the fusion enhancement. Clearly, the influence of
Nm on fusion must be further explored. This is of particular
importance for the synthesis of SHE beyond Og (Z = 118),
where reactions with at least one magic number less than those
using 48Ca as a projectile must be employed [5,48].
It is a known fact that reactions involving more neutron-rich
projectile nuclei (where Tz are high) have been typically found
to demonstrate the highest fusion-evaporation cross sections
[1]. The observed QF dominance in 48Ti reactions (where Tz is
smaller than for 50Ti) supports the impact of neutron richness
on fusion [49]. Moreover, the present data are valuable when
considering the importance of radioactive-ion beams. With this
in mind, we consider 52Ti as a possible projectile, paired with
208Pb (see Table I). This reaction, with the smallest VB and the
highest Tz = 4 compared with the four reactions explored here,
and Nm = 2, could result in significant fusion enhancement
compared with 50Ti + 208Pb.
IV. SUMMARY AND CONCLUSION
The results presented here demonstrate a significant varia-
tion of fusion probabilities with very small changes in entrance
channel for reactions with the same ZpZt that cannot be
explained in current models. These effects could be associated
with the structure of the colliding nuclei, thus indicating a
promising future for the application of radioactive-ion beams.
Considering that QF can occur on a wide range of reaction
timescales, originating from the decay of nuclear matter with
partially equilibrated degrees of freedom, current knowledge
on the QF process accumulated from experimental observables
could be lacking critical aspects as many important properties
of QF may remain hidden through the overlap of slow QF with
FF properties.
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